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Hydroxygraphene: dynamics of hydrogen bond networks
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Using the molecular dynamics method, dynamics of hydrogen bond (HB) networks emerging on
the surface of a graphene sheet during its functionalization with hydroxyl groups OH are simulated.
It is demonstrated that two OH groups form an energetically more advantageous structure when
they are covalently attached on one side of the sheet to carbon atoms forming opposite vertices of
one hexagon of valence bonds of the sheet. Attaching of OH groups to carbon atoms located at the
opposite vertices of hexagons of valence bonds leads to the emergence of hydroxygraphene C4(OH).
In such sheet lying on a flat substrate, attached oxygen atoms on its outer surface form a hexagonal
lattice, and hydroxyl groups due to their turns can in various ways form chains of hydrogen bonds.
The modification of the sheet from two sides results in forming of hydroxygraphene C2(OH) with
HB networks on both sides of the graphene sheet. Simulation of the dynamics of these sheets shows
that their heat capacity at low temperatures T < T0 increases monotonously when the temperature
rises, reaches its maximum at T = T0 and then decreases monotonically. The initial growth is caused
by the accumulation of orientational defects in the lattice of hydrogen bonds whereas the decrease
at T > T0 is explained by the ”melting” of the lattice. For one chain of OH groups connected to
the outer side of a nanoribbon the melting temperature is T0 = 500K, while for a graphene sheet
C4(OH) modified on one side T0 = 260K, and for a graphene sheet C2(OH) modified on both sides
T0 = 485K.
PACS numbers: 65.80.Ck, 62.23.Kn, 05.70.Np, 82.30.Rs
Keywords: graphene, hydroxyl functionalized graphene, hydrogen bond network, heat capacity, molecular
dynamics simulations
I. INTRODUCTION
Molecular systems with chains of hydrogen bonds (HB)
have been the object of many scientific investigations in
physics, chemistry and biology in the last decades. Im-
portant goal of studying such systems is the proton trans-
port that takes place through the hydrogen bonds [1–3].
The proton conductivity in HB networks is very high
[4]. The chains of hydrogen bonds act as proton wires
providing an effective pathway for the rapid transporta-
tion of protons. Quantum mechanical aspects of pro-
ton transfers in quasi-one dimensional HB systems have
been studied in [5], nonlinear (topological solitary waves)
aspects — in [6]. Experimental and theoretical studies
of water-filled carbon nanotubes have shown that water
molecules can penetrate opened nanotubes and form in-
side extended chains of hydrogen bonds [7, 8]. The mech-
anisms of proton transport in these chains was discussed
in [6, 9].
Investigations [10, 11] show that the large-scale
properties of graphene oxide (GO) platelets are con-
trolled by hydrogen bond networks that involve
functional groups on GO layers (such as epoxy
—O— and hydroxy —OH groups) and water molecules
OH2 within the interlayer cavities. An increase in
the number of water molecules between layers of GO
leads to an increase in its proton conductivity [12].
Graphane functionalized with hydroxyl groups OH (hy-
droxygraphane C2H(OH)) [13] can conduct protons in
the complete absence of water through a contiguous net-
work of hydrogen bonds
OH· · · OH· · · OH· · · OH· · · OH· · ·
| | | | |
C C C C C
(1)
Density functional theory calculations predict remark-
ably low barriers to diffusion of proton along 1D chain
of surface hydroxyl groups [14]. The properties of hy-
droxygraphane due to the presence of surface network
of hydrogen bonds [15] make it a viable candidate for a
proton exchange membrane material capable of operating
under anhydrous or low-humidity conditions.
In this work, we investigate the structures and the
dynamics of HB networks emerging on the surface of
graphene sheet by its functionalization with hydroxyl
groups OH. It will be shown that two OH groups form an
energetically more advantageous configuration when they
are attached on the one side of the sheet to the carbon
atoms at the opposite vertices of one hexagon of valence
bonds of graphene (in this case the attached groups can
form a full-fledged hydrogen bond OH· · ·OH). After such
one side functionalization of the graphene sheet we will
have hydroxygraphene with the formula C4(OH) (one at-
tached group per four carbon atoms). In this structure,
atoms of oxygen O on the surface of the sheet will be
located in the points of the hexagonal lattice, whereas
OH groups can in various ways form zigzag chains of hy-
drogen bonds (1). A two-sided modification of a sheet
results in obtaining hydroxygraphene C2(OH) with HB
networks on both sides of the graphene sheet.
2TABLE I: Values of the harmonic potential parameters (2)
for different valence bonds X—Y (C and C′ are carbon atoms
involved in the formation of the sp2 and sp3 bonds).
X—Y C–C C–C′, C′–C′ C–H C–O O–H
K (N/m) 508.9 348.9 444.3 349.8 444.3
ρ0 (A˚) 1.418 1.522 1.08 1.41 0.96
II. MODEL OF MODIFIED GRAPHENE SHEET
To model the chemically modified graphene sheet, we
use the force field in which distinct potentials describe the
deformation of valence bonds and valence, torsion and
dihedral angles, and non-valence atomic interactions [16,
17]. In this model, the deformation energy of the valence
sp2 and sp3 C–C and C–COH bonds, and of C–H, C–OH,
O–H bonds is described by the harmonic potential:
V (ρ) =
1
2
K(ρ− ρ0)
2, (2)
where ρ and ρ0 are the current and equilibrium bond
lengths, K is the bond stiffness. The values of potential
parameters for various valence bonds are presented in
Table I.
Energies of the deformation of the valence angles X–
Y–Z are described by the potential
U(u1,u2,u3) = U(ϕ) = ǫa(cosϕ− cosϕ0), (3)
where the cosine of the valence angle is defined as
cosϕ = −(v1,v2)/|v1||v2|, with the vectors v1 = u2−u1,
v2 = u3 − u2, the vectors u1, u2, u3 specify the coor-
dinates of the atoms forming the valence angle ϕ, ϕ0 is
the value of equilibrium valence angle. The values of
potential parameters used for various valence angles are
presented in Table II.
Deformations of torsion and dihedral angles, in the for-
mation of which edges carbon atoms with attached ex-
ternal atoms do not participate (torsion angles around
the sp2 C–C bonds), are described by the potential:
W1(u1,u2,u3,u4) = ǫt,1(1− z cosφ), (4)
where cosφ = (v1,v2)/|v1||v2|, with the vectors v1 =
(u2 − u1) × (u3 − u2), v2 = (u3 − u2) × (u3 − u4), the
factor z = 1 for the dihedral angle (the equilibrium angle
φ0 = 0) and z = −1 for the torsion angle (the equilib-
rium angle φ0 = π), ǫt,1 = 0.499 eV is the binding en-
ergy (the vectors u1,...,u4 specify the coordinates of the
atoms, which form the angle). More detailed description
of the energy of deformation of the torsion and dihedral
angles is given in [17].
Deformations of the angles around sp3 bonds C–C′,
C′–C′ are described by the potential:
W2(u1,u2,u3,u4) = ǫt,2(1 + cos 3φ), (5)
TABLE II: Values of the parameters of the potential of the
valence angle X–Y–Z (3) for different atoms.
X–Y–Z C–C–C C–C′–C C–C–H C–C′–O C′–O–H
ǫa (eV) 1.3143 1.3 0.8 1.0 1.0
ϕ0 (
◦) 120.0 109.5 120.0 109.5 108.5
with binding energy ǫt,2 = 0.03 eV.
The nonvalent van der Waals interactions of atoms are
described by the Lennard-Jones potential
W0(r) = ǫ0[(r0/r)
12 − 2(r0/r)
6], (6)
where r and r0 are the current and equilibrium distance
between interacting atoms, ǫ0 is the interaction energy.
For atoms C and O we use the values ǫ0 = 0.00658 eV,
r0 = 3.629 A˚, for atoms C and H – ǫ0 = 0.0018 eV,
r0 = 3.395 A˚.
The interaction of two hydroxyl groups (hydrogen
bond OH· · ·OH) was described with the use of the po-
tentials from the PCFF force field
Whb =
2∑
i=1
2∑
j=1
{ǫij[2(r¯ij/rij)
9−3(r¯ij/rij)
12]+κqiqj/rij},
(7)
where rij is the distance between the i-th atom of the
first and j-th atom of the second hydroxyl group, qi is
the electric charge of i-th atom (for oxygen atom q1 =
−0.42e, for hydrogen atom q2 = 0.42e). Distances r¯11 =
3.58, r¯12 = r¯21 = 3.19, r¯22 = 1.087 A˚, energy ǫ11 =
0.0041629, ǫ12 = ǫ21 = 0.0006938, ǫ22 = 0.0003469 eV,
coefficient κ = 14.400611 eVA˚/e2.
We define the interaction of the graphene sheet with a
flat substrate using the potential Ws(h), which describes
the dependence of the energy on the distance h of an atom
to the substrate plane. For a flat surface of a molecular
crystal, the energy of the interaction of an atom with a
surface can be described with a good accuracy by the
(k, l) Lennard-Jones potential [18]:
Ws(h) = ǫs[k(h0/h)
l − l(h0/h)
k]/(l− k), (8)
where l > k is assumed for the exponents. The potential
(8) has a minimum of Ws(h0) = −ǫs (ǫs is the binding
energy of an atom with the substrate). For a flat surface
of crystalline graphite, the exponents in the potential (8)
are l = 10, k = 3.75. The binding energy is ǫs = 0.052
and 0.0187 eV for the C and H atoms, respectively, and
the corresponding equilibrium distances are h0 = 3.27
and 2.92 A˚.
3FIG. 1: The ground states of rectangular graphene sheet of size 2.83× 1.99 nm2, placed on a flat substrate (on the flat surface
of graphite crystal) with two valence-attached hydroxyl groups (chemical formula is C238H42(OH)2). Part (a) shows the sheet
when attaching hydroxyl groups to carbon atoms located at opposite vertices of the same hexagon of the valence bonds of
the sheet C–C, (b) – when attaching groups to atoms separated by two valence bonds, (c) – when attaching groups to atoms
separated by four bonds. Gray beads show carbon, white – hydrogen, red – oxygen atoms.
III. CHAINS OF HYDROGEN BONDS ON
ONE-SIDE MODIFIED GRAPHENE SHEET AND
NANOTUBE
Consider a rectangular graphene sheet lying on a flat
substrate. To the edge atoms of the sheet, the hydro-
gen atoms are attached as shown in Fig. 1. To find the
stationary state of one-side modified graphene sheet by
hydroxyl groups, it is necessary to find the minimum of
the potential energy
E → min : {un}
N
n=1, (9)
where N is total number of atoms C, O, H on the sheet,
un is a three-dimensional vector defining position of nth
atom, E is a total potential energy of the molecular sys-
tem (given by the sum of all interaction potentials of
atoms in the system (2),...,(8)). The minimization prob-
lem (9) is solved numerically by the conjugate gradient
method. Choosing the starting point of the minimization
procedure, one can obtain all the main stationary states
of the modified sheet bonded with a flat substrate.
Stationary states of a graphene sheet lying on a flat
substrate with the hydroxyl groups OH covalently at-
tached to its outer side are presented in Fig. 1, 2, 3.
Solution of the problem (9) has shown that two hy-
droxyl groups form an energetically more advantageous
structure when they are attached to carbon atoms of
the graphene sheet which form opposite vertices of one
hexagon of valence bonds C–C – see Fig. 1(a). The dis-
tance between these atoms before attaching rcc = 2.81 A˚,
after attaching of the hydroxyl groups r′cc = 2.90 A˚, the
distance between oxygen atoms roo = 3.02 A˚. The at-
tached hydroxyl groups form a hydrogen bond OH· · ·OH.
If the carbon atoms to which the hydroxyl groups are
attached are separated by two valence bonds C–C (see
Fig. 1(b), distance rcc = 2.46 A˚, r
′
cc = 2.59A˚, roo =
2.84 A˚) or by four bonds (see Fig. 1(c), distance rcc =
4.26 A˚, r′cc = 3.83A˚, roo = 3.93 A˚), in that case ob-
tained structures will have higher energy. Structure (b)
is higher in energy then structure (a) in ∆E = 0.0753 eV,
and structure (c) – in ∆E = 0.1508 eV (see Fig. 1). The
analysis of stationary states shows, that the energy of the
hydrogen bond between two hydroxyl groups [see Fig. 1
(a)] Ehb = 0.12 eV. The value of this energy is small due
to the fact that hydrogen atom in the bond O–H· · ·O is
not located on the straight line connecting oxygen atoms,
deflection angle 6 HOO= 21.6◦.
When hydroxyl groups attached to carbon atoms form
the chain of opposite vertices of hexagons of valence
bonds of the sheet, the groups will form a zigzag chain of
hydrogen bonds (1). Let us consider such chain located
along a carbon nanoribbon lying on a flat substrate –
see Fig. 2. In this chain, the distance between neighbor-
ing oxygen atoms (chain pitch) roo = 2.89 A˚, the angle of
the zigzag chain 6 OOO= 118◦. Such chains can have the
following localized defects: breaking of one bond, posi-
tive orientation defects with an integer and a half-integer
center and negative orientation defect – see Fig. 2. The
dissociation energy of one hydrogen bond by the 120◦ ro-
tation of one hydroxyl group ∆E1 = 0.16065 eV (differ-
ence between the value of energy of the stationary state
of the chain with the defect and the value of energy of
the chain without a defect).
A positive orientation defect emerges when hydroxyl
groups are directed toward each other in the first and in
the second part of the chain – see Fig. 2 (b) and (c). In
the area of the defect localization the density of protons
is excessive, therefore it has an effective positive electric
charge. The defect can have two stationary states with
integer and half-integer center of symmetry, the energy
of the first state ∆E2 = 0.19152 eV, the energy of the
second ∆E3 = 0.20154 eV.
A negative orientation defect emerges when hydroxyl
groups are directed oppositely in the first and in the sec-
ond part of chain – see Fig. 2 (d). In the area of the
defect localization the density of protons is insufficient,
therefore it has an effective negative electric charge. The
energy of the stationary defect ∆E4 = 0.28971 eV.
On the graphene sheet, carbon atoms located on op-
posite vertices of hexagons of valence bonds C–C build
4FIG. 2: Stationary states of zigzag chain of hydrogen bonds
formed by 30 hydroxyl groups OH attached to the outer sur-
face of graphene nanoribbon of size 7.78× 1.99 nm2, lying on
a flat substrate (its chemical formula is C638H82(OH)30): (a)
chain with one opened hydrogen bond; chain with a positive
orientation defect with (b) an integer and (c) a half-integer
center of symmetry; (d) chain with a negative orientation de-
fect.
a hexagonal lattice with spacing a = 2r0, where r0 is
the length of the valence bond. Each fourth atom of the
sheet takes part in the formation of this lattice. After
one-side attaching of hydroxyl groups OH to these carbon
atoms we will have a structure with the chemical formula
C4(OH) (one hydroxyl group per four carbon atoms). An
example of such structure, namely a graphene sheet of
size 4.39× 4.62 nm2 (number of carbon atoms Nc = 790,
number of edge hydrogen atoms Nh = 68, number of
hydroxyl groups No = 150) is shown in Fig. 3.
Solution of minimization problem (9) shows that in
the case of a one-sided chemical modification of graphene
sheet lying on a flat substrate (namely on the flat surface
of a graphite crystal) the sheet maintains its flat form.
The oxygen atoms on the surface of the sheet form a
hexagonal lattice that allows hydroxyl groups to form
chains of hydrogen bonds in different ways by rotating
OH groups around C–O bonds. In the ground state of
this structure each oxygen atom must take part in the
formation of two hydrogen bonds (in one incoming and in
one outcoming). If neighboring oxygen atoms participate
in the formation of hydrogen bonds, than the distance
between them is roo = 2.87 A˚, and if they are not involved
FIG. 3: Stationary state of a square graphene sheet of size
4.39 × 4.62 nm2, lying on a flat substrate with one-side
attached 150 hydroxyl groups (C790H68(OH)150). Oxygen
atoms are attached to carbon atoms forming a hexagonal lat-
tice on the sheet (neighboring atoms of the lattice are located
at opposite vertices of the hexagons of the valence bonds of the
sheet). At the center of the sheet there are stationary orien-
tation defects (in the area of defects, one oxygen atom partic-
ipates in the formation of only one hydrogen bond, whereas
the neighboring atom takes part in the formation of three
bonds). Stationary states with open hydrogen bonds (defect
energies are 0.161 and 0.174 eV) are shown at the right and
at the upper edge.
– roo = 3.02 A˚. Let us note that in formed hydrogen bond
O–H· · ·O the hydrogen atom is not located strictly on the
bond line (deflection angle 6 HOO= 17◦).
The described system of hydrogen bonds allows the ex-
istence of two types of orientation defects. In the local-
ization region of positive defect, the oxygen atom takes
part in the formation of three hydrogen bonds; in the
localization region of negative defect, the oxygen atom
participates in the formation of only one bond. To form
a pair of such defects, one hydroxyl group must be ro-
tated by 120 degrees around valence bond C–O – see
Fig. 3. After this pair of defects is formed, the energy of
the sheet increases by ∆Ed = 0.123 eV. On the edges of
the sheet, links with open hydrogen bonds may form; the
energy of such defects ∆Eo = 0.161, 0.174 eV.
Similar molecular structures with chains of hydrogen
bonds are obtained if hydroxyl groups are covalently at-
tached to the outer surface of the carbon nanotube to the
carbon atoms located at opposite vertices of hexagons of
the C–C valence bonds. Stationary states of modified
nanotubes also can be found numerically as solutions to
the minimum potential energy problem (9) (in calculat-
ing of the total energy the interactions with the substrate
(8) may be omitted).
When the modification of the outer side has a homoge-
nous character, the cylindrical shape of the nanotube re-
mains stable. The curvature of the surface of the nan-
otube leads to a weakening of hydrogen bonds directed
across the nanotube – see Fig. 4. Therefore, the energy
of defects of hydrogen bond chains depends on the diam-
eter (chirality index) of the nanotube. Energies of the
5FIG. 4: View of open armchair carbon nanotubes of length
4.13 nm with a chirality index: (a) (6,6), C408H24(OH)90;
(b) (12,12), C816H48(OH)180; (c) (18,18), C1224H72(OH)270.
Shown are the stationary states of the lattice of hydrogen
bonds of hydroxyl groups with an orientation defect in the
middle of the nanotube and with one open edge bond at the
left edge.
defects: ∆Ed = 0.106 and ∆Eo = 0.094 for nanotube
with index (6,6); 0.110 and 0.115 for nanotube (12,12);
0.111 and 0.122 eV for nanotube (18,18).
IV. CHAINS OF HYDROGEN BONDS ON
TWO-SIDE MODIFIED GRAPHENE SHEET
By one-side modification, the graphene sheet main-
tains its stable flat shape only due to its interaction with
the flat substrate. Without a substrate, the modified
sheet begins to bend, and then it folds into roll shaped
structures [19]. The sheet can retain its flat shape only
by a symmetrical modification of its both sides. Station-
ary states of the sheet which was modified on both sides
were found numerically as solutions of the minimum po-
tential energy problem (9) without interaction with the
substrate (8).
When hydroxyl groups OH are two-side attached to
carbon atoms located at opposite vertices of hexagons
of C–C valence bonds (these atoms form two hexago-
nal lattices, one for each side), a hydroxygraphene struc-
FIG. 5: Stationary state of square graphene sheet of size
3.86 × 3.78nm2 with 208 hydroxyl groups OH attached to
both sides of the sheet (C574H66(OH)208). Shown are the ori-
entation defects of hydrogen bonds lattice in the center of the
sheet (in the area of defects, one oxygen atom participates in
the formation of only one hydrogen bond, whereas the neigh-
boring atom takes part in the formation of three bonds). The
lower and left sides of the sheet show defects with open hy-
drogen bonds (defect energies are 0.282 and 0.164 eV).
ture with the chemical formula C2(OH) emerges (one hy-
droxyl group per two carbon atoms). An example of such
structure, a graphene sheet of size 3.86×3.78 nm2 (chem-
ical formula is C574H66(OH)208) is shown in Fig. 5. As
we can see from the figure, the modified sheet retains its
flat shape (there are only a slight bendings at the edges
of the sheet).
Oxygen atoms form a hexagonal lattice on each side
of the sheet, which allows hydroxyl groups OH to form
chains of hydrogen bonds in various ways due to their
rotation around C–O bonds. In the ground state of the
sheet, each oxygen atom must take part in the formation
of two hydrogen bonds. If neighboring oxygen atoms take
part in the formation of a hydrogen bond, the distance
between them roo = 2.78 A˚, and if they are not involved –
roo = 3.21 A˚. In the case of the formation of the hydrogen
bond O–H· · ·O the hydrogen atom are also not located
strictly on the bond line (on the line connecting the oxy-
gen atoms), the deflection angle 6 HOO= 15◦. It should
be noted that here the values of roo, 6 HOO are smaller
than in the case of the one-side modified graphene. This
shows that hydrogen bonds are stronger if the sheet is
modified on two sides.
The systems of hydrogen bonds arising on each side of
the sheet also allow the formation of orientation defects
and open states of edge bonds – see Fig. 5. Here, the en-
ergy of the formation of a pair of defects ∆Ed = 0.191 eV,
and the energies of the open states of the edge hydrogen
bonds ∆Eo = 0.282, 0.164 eV.
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FIG. 6: The dependence of (a) dimensionless heat capacity
c and (b) of the fraction of weakened hydrogen bonds p on
the temperature T for one-side modified graphene nanorib-
bon of size 74.48 × 1.98 nm2 (C6038H622(OH)300) and square
sheet of size 8.96 × 9.02 nm2 (C3022H154(OH)660) (curves 1,
4, and 2, 5). The nanoribbon and sheet are lying on a flat
substrate. Curve 3 shows the temperature dependence of the
heat capacity for unmodified graphene sheet.
V. DYNAMICS OF MODIFIED GRAPHENE
SHEETS AND NANOTUBES WITH HB
NETWORKS
To simulate the dynamics of the thermalized sheet
(nanotube), the following system of Langevin equations
was numerically integrated
Mnu¨n = −
∂
∂un
E − ΓMnu˙n − Ξn, n = 1, ..., N, (10)
where N is the total number of atoms in the molecular
structure, Mn is a mass of the n-th atom, un is a three-
dimensional vector defining the coordinates of the n-th
atom, Γ = 1/tr is the friction coefficient (the relaxation
time is tr = 1 ps), Ξn = {ξn,i}
3
i=1 is a three dimensional
vector of normally distributed random Langevin forces
with the following correlations:
〈ξn,i(t1)ξk,j(t2)〉 = 2MnkBTΓδnkδijδ(t1 − t2)
(kB is Boltzmann constant, T is temperature of the
Langevin thermostat).
As an initial condition for the equations of motion (9),
we take the ground state of the modified sheet (nan-
otube). Initially, the system of equations of motion was
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FIG. 7: The dependence of (a) dimensionless heat capac-
ity c and (b) of the fraction of weakened hydrogen bonds
p on the temperature T for open single-wall armchair nan-
otube with modified outer surface at: nanotube chirality in-
dex (6,6), length L = 25.7 nm (C2472H24(OH)600); (12,12),
L = 13.2 nm (C2544H48(OH)660); (18,18), L = 13.2 nm
(C3816H72(OH)918) (curves 1, 6; 2, 7; 3, 8). Curves 4 and
9 show dependencies for graphene sheet modified on both
sides of the size 8.96 × 9.02 nm2 (C3022H154(OH)1320). The
solid line connecting markers 9 shows the dependency p(T ) =
2.095 exp(−212/T 0.7). Curve 5 shows the dependence c(T )
for the unmodified nanotube with index (6,6).
integrated over the time t1 = 100tr. During this time,
the molecular structure reaches its equilibrium with the
thermostat. Further integration allows us to analyze the
dynamics of the thermalized macromolecules. To this
end, the temperature dependence of the average energy
was found numerically,
〈H〉(T ) = lim
t→∞
1
t− t1
∫ t
t1
H(τ)dτ,
where the total energy of the molecular structure at time
t is
H =
N∑
n=1
1
2
Mn(u˙n, u˙n) + E.
Then, the temperature dependence of the dimensionless
heat capacity of the molecular structure was found
c(T ) =
1
3NkB
d
dT
〈H〉(T ).
7FIG. 8: Configuration of one-side modified graphene sheet of size 8.96× 9.02 nm2 (C3022H154(OH)660) lying on a flat substrate
at temperature (a) T = 200 and (b) T = 270K.
The difference of the dimensionless heat capacity c(T )
from unity characterizes the nonlinearity of the system
dynamics.
Let us also define the fraction of weakened (broken)
hydrogen bonds for each temperature
p(T ) = 〈(No −Nb)/No〉 = lim
t→∞
1
t− t1
∫ t
t1
(1−
Nb(τ)
No
)dτ,
where Nb(t) is the number of hydrogen bonds, No –
the number of hydroxyl groups. We assume that two
hydroxyl groups form a hydrogen bond if their inter-
action energy Whb < −0.08 eV. In the ground state
of the sheet (at T = 0K), the interaction energy of
two hydroxyl groups when they form the hydrogen bond
Whb ≈ −0.16 eV, and the interaction energy of other pair
groupsWhb > −0.08 eV. Therefore, in this case the num-
ber of bonds is equal to the number of hydroxyl groups
(Nb = No) and the fraction of broken bonds p = 0. If the
bonds are absent, i.e. when Nb = 0, p = 1. In a general
case, the fraction of broken bonds in HB networks may
vary from zero to one (0 ≤ p ≤ 1).
To analyze the dynamics of a single chain of hydrogen
bonds (1), let us consider the graphene nanoribbon of
size 74.48× 1.99 nm2 lying on a flat substrate with 300
hydroxyl groups attached to its outer side and forming a
zigzag chain of hydrogen bonds along its center (formula
of the modified nanoribbon is C6038H622(OH)300). An
example of such short nanoribbon is shown in Fig. 2. As
the initial condition of a system of equations of motion
(10) we take the ground state of a nanoribbon without
defects in the chain of hydrogen bonds. For this purpose,
we should first solve the minimum energy problem (9).
Then, we will numerically integrate the system of equa-
tions of motion (10) for different values of temperature
of the Langevin thermostat T .
The dependencies of the dimensionless heat capacity of
nanoribbon c and the fraction of broken hydrogen bonds
p on temperature T are shown in Fig. 6 (curves 1 and
4). As we can see, the fraction of broken bonds increases
monotonically with the increase of temperature. At low
temperatures, p grows exponentially fast, at T = 300K it
reaches the value p = 0.27, then the growth slows down
(at T = 500K p = 0.40, and at T = 800K p = 0.55).
At T < 500K, the dimensionless heat capacity of the
nanoribbon c increases monotonically with the increase
of temperature, reaches its maximum value c = 1.031 at
T = 500K, and then begins to decrease with the increase
of temperature. The increase in heat capacity is caused
by the accumulation of orientational defects in the hy-
drogen bond chain, whereas the decline is caused by the
”melting” of the hydrogen bond chain at high tempera-
tures (at T > 500K the orientational (torsional) motions
of neighboring hydroxyl groups become disconnected).
In the absence of attached groups (i.e. in the absence of
chain of hydrogen bonds), the dimensionless heat capac-
ity of the unmodified nanoribbon (sheet) always remains
near 1 (see Fig. 6, curve 3).
To analyze the dynamics of HB networks on the surface
of a one-sided modified graphene sheet with the general
formula C4(OH), let us consider the dynamics of a square
sheet of size 8.96×9.02 nm2 lying on a flat substrate with
8FIG. 9: Configuration of two-side modified graphene sheet of size 8.96 × 9.02 nm2 (C3022H154(OH)1320) at temperature (a)
T = 300 and (b) T = 500K. Only one sheet surface is shown.
660 hydroxyl groups covalently attached to its outer side
(the chemical formula of the sheet is C3022H154(OH)660,
one OH group per four carbon atoms inside the sheet) –
see Fig. 8.
The dependencies of the dimensionless heat capacity
of the sheet c and of the fraction of weakened hydrogen
bonds p on temperature T are shown in Fig. 6 (curves
2 and 5). Numerical simulation of dynamics shows that
at T < 250K the heat capacity of the sheet increases
monotonically with increase of temperature, it reaches
its maximum value c = 1.048 at T = 275K, and then
decreases. An analysis of changes in the structure of HB
networks shows that heat capacity increases due to the
accumulation of orientational defects in the system of
hydrogen bonds. For instance, at T = 200K, the lattice
of hydrogen bonds almost retains its ideal shape (there
is only one orientation defect in the lattice, namely in
the lower left corner of the sheet), and at T = 270K, the
hydrogen bond lattice already has a chaotic shape with
many orientation defects – see Fig. 8.
When T < 250K, the fraction of weakened hydro-
gen bonds p increases exponentially with the increase of
temperature, it reaches a local maximum p = 0.070 at
T = 250K, and at T = 270K it reaches a local minimum
p = 0.058. Further increase in temperature leads only to
its slow growth (at T = 300, 400, 600K p = 0.067, 0.109,
0.211).
The simulation allows us to conclude that the in-
crease in heat capacity of the one-sided modified square
graphene sheet C4(OH) with the increase of temperature
is caused by the accumulation of orientation defects in
the hydrogen bond lattice. The maximum heat capacity
is reached at T = 275K, then the temperature increase
is already accompanied by the decrease in heat capacity,
which is explained by the melting of the lattice of hy-
drogen bonds (the movements of neighboring hydroxyl
groups are becoming more and more disconnected).
To analyze the dynamics of HB networks on the mod-
ified outer surface of a carbon nanotube, let us consider
the dynamics of free open single-walled nanotubes, one
with a chirality index (6,6) of length L = 25.7 nm (the
formula of the modified nanotube is C2472H24(OH)600),
another with index (12,12) of length L = 13.2 nm
(with the formula C2544H48(OH)660) and one of the
same length with index (18,18) (C3816H72(OH)918). The
structures of such modified nanotubes with length L =
4.13 nm are shown in Fig. 4. As the initial condition
of the system of equations of motion (10), we take the
ground state of a nanotube without defects in the lat-
tice of hydrogen bonds. For this purpose, we first solve
the minimization problem (9). Then we numerically in-
tegrate the system of equations of motion at different
temperatures of the Langevin thermostat.
The dependencies of the dimensionless heat capacity
of nanotubes c and the fraction of weakened bonds p on
temperature T are shown in Fig. 7 (curves 1, 2, 3 and 6, 7,
8). As we can see, when temperature is low (T < 240K),
with the increase of temperature the fraction of weakened
hydrogen bonds grows exponentially quickly. The heat
capacity of the nanotube increases monotonically at low
9FIG. 10: Configuration of two-side modified graphene sheet of size 8.96 × 9.02 nm2 with 2574 attached hydroxyl groups
(C3022H154(OH)2574, the structure in the center of the sheet is described by the formula C(OH)) at temperature T = 600K.
Part (a) shows the upper, part (b) – the lower side of the sheet.
temperatures, reaching its maximum value at tempera-
ture T0, and then monotonically decreases. For nanotube
(6,6) temperature T0 = 315K, the maximum value of the
dimensionless heat capacity cm = 1.134; for nanotube
(12,12) temperature T0 = 270K, cm = 1.105, and for
(18,18) T0 = 260K, cm = 1.092. Like for the sheets of
modified graphene, the increase of the heat capacity of
nanotubes in this case is caused by the accumulation of
orientation defects in the hydrogen bond lattice, whereas
the decrease of heat capacity at T > T0 can be explained
by the ”melting” of the hydrogen bond lattice (at high
temperatures, orientational motions of neighboring OH
groups are becoming more and more disconnected). For
an ideal nanotube without attached groups, the dimen-
sionless heat capacity always remains near 1 (see Fig. 7,
curve 5).
To analyze the dynamics of HB networks on the sur-
faces of a two-side modified graphene sheet with the gen-
eral formula C2(OH), let us consider the dynamics of free
square sheet of size 8.96×9.02 nm2 with 1320 OH groups
attached to both sides of the sheet (formula of the sheet
is C3022H154(OH)1320, there is one OH group per two
carbon atoms inside the sheet) - see Fig. 9.
The temperature dependencies of the dimensionless
heat capacity of sheet c and the fraction of weakened
hydrogen bonds p are shown in Fig. 7 (curves 4 and
9). Numerical simulation of the dynamics shows that
at T < 500K the heat capacity of the sheet increases
monotonously with the increase of temperature, reach-
ing a maximum value of cm = 1.13 at T = 500K and
then decreasing. Analysis of the structural changes in
HB networks shows that here the increase of heat capac-
ity is also caused by the accumulation of orientational
defects in the lattices of hydrogen bonds. For instance,
at T = 300K the lattices of hydrogen bonds almost re-
tains its ideal shape (there are only two lattice defects on
the upper right side of the sheet), whereas at T = 500K
the hydrogen bond lattices already has a large number of
orientation defects – see Fig. 9.
The fraction of weakened (open) hydrogen bonds p in-
creases exponentially with the increase of temperature as
function p(T ) = 2.095 exp(−212/T 0.7) – see Fig. 7 (curve
9). At T = 100, 300, 500K, the fraction of weakened
bonds p = 0.0004, 0.043, 0.138.
The simulation allows us to conclude that the two-
side modification of the graphene sheet with the formula
C2(OH) leads to the formation of a more rigid lattice of
hydrogen bonds in comparison to the one-sided modifi-
cation C4(OH). In the first case, the ”melting” of the
lattice of hydrogen bonds begins at T0 = 500K, whereas
in the second case it begins at T0 = 275K.
As a comparison, let us also consider the modifica-
tion of graphene with the most dense attachment of hy-
droxyl groups, such as hydroxygraphane C2H(OH) [13].
In this structure hydrogen atoms H covalently attached
to one side of the sheet like in graphane sheet, whereas
OH groups are attached to the other side. Because of
the asymmetric modification of the sides of the sheet, its
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flat shape is not stable and the sheet necessarily folds
into a roll structure. Therefore, we will consider hydrox-
ygraphene C(OH) with the most dense attachment of OH
groups to each side of the sheet (in this structure, there
is one OH group per one carbon atom).
To analyze the dynamics of the modified sheet C(OH),
we take a graphene sheet of size 8.96 × 9.02 nm2 with
2574 hydroxyl groups uniformly attached to each side of
the sheet (formula of the sheet is C3022H154(OH)2574) –
see Fig. 10. As we can see from the figure, hydroxyl
groups form a super-dense structure on each side of the
sheet. This structure almost does not allow the orien-
tational mobility of OH groups. Dynamics modeling has
shown that at all temperatures T < 640K the dimension-
less heat capacity of the modified sheet c remains close
to 1. Thermal fluctuations practically do not lead to
the formation of defects in the super-dense lattices of hy-
droxyl groups. Because of the low orientational mobility
of OH groups, this structure is not well suited for proton
transport.
VI. CONCLUSIONS
The numerical simulation of HB networks formed on
the surface of a graphene sheet during its functionaliza-
tion by hydroxyl groups OH was carried out. It was
shown that two hydroxyl groups form the energetically
most advantageous configuration when they are cova-
lently attached on one side of the sheet to carbon atoms
forming opposite vertices of the hexagon of graphene C–
C valence bonds (in this case, the attached groups form
hydrogen bond OH· · ·OH). One-side attaching of OH
groups to carbon atoms located at the opposite vertices
of hexagons of valence bonds leads to the emergence of
hydroxygraphene C4(OH). The joined oxygen atoms on
the outer side of the sheet lying on a flat substrate form a
hexagonal lattice and hydroxyl groups OH can in various
ways form zigzag chains of hydrogen bonds due to their
rotation around C–O bonds. A two-sided modification of
the sheet allows us to obtain hydroxygraphene C2(OH)
with HB networks on each side of the graphene sheet.
We have also analyzed the possible stationary defects of
such HB networks.
Modelling of dynamics of carbon nanotubes and
graphene sheets modified by hydroxyl groups has shown
that their heat capacity increases monotonically with
the increase of temperature at low temperatures T <
T0, reaching a maximum value at T = T0, and then
monotonously decreases. Analysis of changes in the
structure of HB networks showed that the increase of
heat capacity is caused by the accumulation of orienta-
tion defects in the hydrogen bond lattice, whereas the
decrease of heat capacity at T > T0 is explained by the
”melting” of the lattice (at high temperatures, orienta-
tional motions of neighboring groups become more and
more independent). For a single chain of hydroxyl groups
attached to the outer side of the nanoribbon the melting
temperature T0 = 500K, for one-side graphene modified
sheet C4(OH) temperature T0 = 260K, for carbon nan-
otubes modified from the outer side with a chirality index
(6,6), (12,12), (18,18) temperature T0 = 315, 270, 260K.
The modification of both sides of the graphene sheet leads
to the formation of more rigid lattices of hydrogen bonds,
for two-side modified sheet C2(OH) the melting temper-
ature of the lattices of hydroxyl groups T0 = 485K.
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